( Buresh et al., 1993; Yadvinder-Singh et al., 1993) , few and China (Woodhead el al., 1994) . On-station data C sequestration in soil than with rice residue or 40 Mg green manure from long-term experiments in China (Byerlee, 1992) , ha Ϫ1 . These results demonstrate that a green manure crop and/or Nepal (Regmi, 1994) , and India (Nambiar, 1995) indiincorporating crop residue in a rice-wheat system has potential to cate that productivity of rice and wheat has been declinincrease SOM while maintaining high grain yields.
ing. Inadequate or imbalanced nutrient management and decreasing SOM are probably the factors in the declining trend in this cropping system (Abrol et al., C rop residue is a vital natural resource for conserv-1997) . There is a need, therefore, to develop agronomic ing and sustaining soil productivity. It is the pristrategies for efficient utilization of crop residue while mary substrate for replenishment of soil organic matter also sequestering organic C in the soil. The present field (SOM). Upon mineralization, crop residue supplies esexperiment was initiated in 1993 in northwest India with sential plant nutrients (Walters et al., 1992) . Additionthese objectives: (i) to test the effects of incorporating ally, residue incorporation can improve physical and wheat and rice residue alone and in combinations with biological conditions of the soil and prevent soil degragreen manure on grain yields and N use efficiency and dation (Nyborg et al., 1995) .
(ii) to quantify C sequestration in soil with crop residue In South and Southeast Asia, large amounts of crop and green manure incorporation. residue are burned or removed after harvest (Nguyen et al., 1994; Smil, 1999) . This results in loss of organic MATERIALS AND METHODS matter and nutrients and causes atmospheric pollution due to emissions of toxic and greenhouse gases such as A field experiment was conducted from 1993 to 1997 on CO, CO 2 , and CH 4 , which pose a threat to human and a semiarid, irrigated, Tolewal sandy loam (Typic Ustochrept) soil at Punjab Agricultural University Research Farm, Ludhiecosystem health (Andreae, 1991; Nguyen et al., 1994 
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Rice Treatments and Management
ments was given through 20 Mg green manure ha Ϫ1 with the Treatments for rice consisted of two levels of wheat residue balance through urea N. Plots designated not to receive green (0 and 6 Mg ha Ϫ1 on dry weight basis) without or with 120 kg manure were maintained weed-free during the fallow period. urea N ha Ϫ1 , which is the recommended rate for optimum rice Rice (cv. PR 106) was seeded in a separate field adjoining production (Gill, 1995; Aulakh et al., 2000) , and three levels the experimental plots in the second or third week of May and of green manure (0, 20, and 40 Mg ha Ϫ1 of fresh biomass fertilized with 15 kg N ha Ϫ1 and 18 kg P ha Ϫ1 as diammonium containing about 800 g water kg Ϫ1 ) that were arranged in a phosphate, and 10 kg zinc sulfate ha
Ϫ1
. Two weeks later, 25 kg randomized complete block design with three replications.
N ha Ϫ1 as urea was top-dressed before irrigation. Healthy The total numbers of treatment combinations were 7 in 1993 45-d-old seedlings were transplanted (2 hill Ϫ1 ) in the third or and 10 from 1994 to 1997 (Table 1) . fourth week of June or first week of July (Table 2 ). Hill spacing Within 7 d of harvesting the preceding wheat crop, dry was 20 by 15 cm and individual plots measured 3 by 7.5 m. wheat residue was uniformly distributed in allocated plots and As recommended (Gill, 1995) , 120 kg urea N ha Ϫ1 was applied disked into the soil in the third or fourth week of April each in three equal amounts at about 0, 3, and 6 wk after transplanting rice seedlings to synchronize N supply with crop deyear (Table 2) . One week later, sesbania was seeded as green 2-mm sieve, and analyzed for SOC by Walkley and Black's mand. The experimental area was bordered with five rows of method (Westerman, 1990) . Mean bulk density values for each nonexperimental rice plants on all sides of the field. The crop treatment were used for converting SOC concentrations (mg was irrigated daily during the first month and thereafter as C kg Ϫ1 soil) to units of kg C ha Ϫ1 . needed to prevent the soil surface from being without overlying water for more than 2 d. This practice of intermittent
Calculations and Statistics
irrigation saves water without reducing rice yields (Sandhu et al., 1980) . Irrigation water was used either from canal or tubeRecovery efficiency (RE) of added N was calculated (Dilz, well and Total N uptake (kg N ha
Wheat Treatments and Management
Rice residue treatments were imposed within a week after Physiological efficiency (PE) of N was calculated (Isfan, harvesting rice crop to provide a 3-to 4-wk period for decom-1990): position before seeding wheat. In the third or fourth week of October each year (except in 1993), dry rice residue was PE (kg grain kg N uptake Ϫ1 ) ϭ uniformly distributed in respective rice residue-treatment plots at 6 Mg ha Ϫ1 and disked into the moist soil (Table 2) . One week later, the plots were re-disked followed by preseeding irrigation. Wheat (cv. HD 2329) was drilled at 40 kg Grain yield (kg ha
seed ha Ϫ1 in early November in the same permanent plots as rice in rows 20 cm apart. A uniform application of 26 kg P ha Ϫ1 as single superphosphate was drilled in all plots at the Agronomic efficiency (AE) of added N was calculated (Notime of seeding. Two rates of fertilizer N (0 or 120 kg urea N voa and Loomis, 1981): ha Ϫ1 ) were broadcast in two equal splits: at seeding and 4 to 5 wk later (1 d after the first irrigation) ( Table 2) . Three more AE (kg grain kg N applied Ϫ1 ) ϭ flood irrigations of about 7 cm were applied during the season. The center 10 m 2 of each plot was harvested in the second or third week of April. Grain and straw yields are expressed on the basis of 140 g kg Ϫ1 water and dry weight, respectively.
Grain yield (kg ha
Sequestration of added organic C, and proportion of C
Plant and Soil Analyses
added through green manure, wheat residue, or rice residue Concentration of N in representative grain and straw samstored in soil as organic C were calculated as follows: ples of both rice and wheat was determined by the microKjeldahl method (Westerman, 1990) during after-rice fallow period (15 Oct. to 4 Nov. 1996) and wheat growing season (5 Nov. 1996 to 20 Apr. 1997 . Soil cores (5-cm diam. ϫ 15-cm length) from each of three replications of
We accounted for the fact that rice residue was not added in selected treatments were collected at 1-to 2-wk intervals. Field 1993, that is, only 3 yr of rice residue additions compared with moist soil samples were thoroughly mixed and representative the 4 yr of wheat residue additions. subsamples were extracted by shaking with 2 M KCl solution (1:6 soil-to-solution ratio) for 1 h on a mechanical shaker fol-C added in SOC ϭ lowed by filtration. Extracts were analyzed for mineral N using a micro-distillation procedure (Mulvaney, 1996) .
At the beginning and at the completion of the study, soil bulk density was determined to a 15-cm depth using 5-cm i.d.
by 15-cm-long steel cores with open ends by collecting and combining four cores for each of the 30 plots (10 treatments ϫ 3 replications). Soil samples were air-dried, crushed to pass a Analysis of variance of grain yields from the second to forth years was done using a repeated measures analysis with "year"
and Bhagat, 1992; Beri et al., 1995) . Rice straw yield, in the "sub-plot" (SAS, 1982 (Table 4 ). Aulakh been reported in rice-rice (Becker et al., 1994 ) and et al. (2000) also observed that green manuring can in rice-wheat (Aulakh et al., 2000) . Incorporating rice result in the same rice yields as a 120 kg N ha Ϫ1 dose residue had no effect on wheat yields in the presence of urea. Forty megagrams green manure per hectare, of urea N, but rice residue depressed wheat yields withhowever, is probably more biomass than most farmers out urea N in 1997 (Table 4) . can raise in the short period between the start of monSeveral workers have reported in earlier studies from soon rain and transplanting of rice. This amount of green the Philippines (Ponnamperuma, 1984), India (Verma manure was excessive since straw yields increased comand Bhagat, 1992; Beri et al., 1995), China (Wen, 1989), pared with other treatments but not grain yield (data and Korea (Oh, 1984) that incorporating wide C/N ratio not shown).
residue just before transplanting rice or seeding wheat Wheat residue incorporation, with or without urea N, could immobilize N and reduce crop yields. Our findhad no significant effect on rice yields, unlike in other ing that incorporating residue shortly after harvest did not negatively affect grain yields of N-fertilized rice or studies where yield reductions were reported (Verma wheat is a significant result. Triple-cropping, however, may not allow sufficient time between crops for residue decomposition. Hopefully our results in rice-wheat will encourage residue incorporation as a means of disposal instead of burning or removal.
Soil Mineral Nitrogen
The lack of yield depressions with straw incorporation right after harvest suggests rapid decomposition of residue. Soil mineral N data support this hypothesis. The amount of mineral N (NO 3 ϩ NH 4 ) at the beginning of the fallow period of 1995 (16 Apr.) was 8 mg N kg Ϫ1 in all treatments (Fig. 1a and 1b) . Soil mineral N concentrations in the unamended control (WR 0 FN 0 GM 0 ) increased slightly as a result of mineralization of soil organic N during the aerobic fallow. During the flooded rice season, mineral N declined and remained low in control plots (Fig. 1a) . Wheat residue incorporation immobilized mineral N during the fallow period, evidenced by a sharp decline during the fallow period ( Fig. 1a and b) . Mineral N increased rapidly at the start of the flooded rice season in all treatments that received green manure and/or urea N, including the wheat residue plots. Green-manured plots showed longer periods of high mineral N levels (Fig. 1b) compared with plots N was applied at sowing of wheat (Fig. 2) . In a trend more pronounced than in rice, mineral N in RR 6 (6 Mg mineralization and to lower gaseous N losses. Recovery rice residue ha Ϫ1 ) FN 0 was much lower than RR 6 FN 120 efficiency of 60% obtained in WR 6 FN x GM 20 compared for more than 1 mo in the early wheat season, before with 47% in WR 6 FN 120 GM 0 suggests that the mineralthe mineral N levels became similar. This trend indicates ization of residue N was accelerated by incorporated early immobilization of straw N and later season minergreen manure, and/or that some of the urea N in WR 6 alization in the rice residue and urea-N treatment. Previ-FN 120 GM 0 was immobilized by microbes involved in ous 15 N-labeled growth chamber and laboratory studies decomposition of the wheat residue. Physiological effihave shown that "recently immobilized N" during the ciency was reduced with 40 Mg green manure ha Ϫ1 cominitial 2-to 3-wk period in residue-amended soil starts pared with all of the other treatments, providing evire-mineralizing after 5 to 7 wk (Aulakh, 1988; Norman dence that this rate of green manure was excessive and et al., 1990) .
that luxury uptake of N occurred (data not shown). . Improved AE with Recovery efficiency (RE) and agronomic efficiency green manure reflected the greater RE compared with (AE) of added N (all sources) in rice was higher when urea N alone or urea N with wheat residue (Table 5 ). most of the applied N was green manure N (WR 0 FN x Recovery efficiency of N by wheat was greater in 1997 GM 20 ) compared with WR 0 FN 120 GM 0 (Table 5) . This when N was applied to the previous rice crop as urea was also true in the presence of wheat residue, although and green manure rather than as urea alone (Table  RE and AE were lower with wheat residue. In most field 5). Forty megagrams fresh green manure per hectare studies, contribution of residue N toward N recovery by resulted in higher RE in wheat in 1996 and 1997 than the crop has been ignored, assuming that crop residue when 120 kg urea N ha Ϫ1 was applied to rice without N is not mineralized during one crop growth period.
green manure. Norman et al. (1990) showed that rice recovered 3 to Similar to rice, residue incorporation reduced RE in 37% of added crop residue N.
wheat (Table 5) . Bijay-Singh et al. (2001) , using 15 N dilution, also reported lower RE in wheat following Green manure N was probably taken up by rice more efficiently than urea N due to the slow release nature of rice residue incorporation, compared with rice residue removal in the Indian Punjab, with no effect on grain et al. (1991) reported was negatively correlated to C mineralization and positively related to immobilization. yields. Straw incorporation in that study also did affect loss of added 15 N from the plant-soil system, indicating Additionally, wheat residue was applied before the flooded rice crop, which Bronson et al. (1998) reported the importance of immobilization and re-mineralization of added urea N in the presence of incorporated residue.
in a review of the literature results in greater SOC buildup than residue applied to an upland crop. The low C/N Agronomic efficiency of added N by wheat was not affected by any of the green manure treatments before ratio of green manure resulted in lower amounts of C sequestration of green manure C than with rice residue rice. Rice residue reduced AE in wheat fertilized with 120 kg urea N ha Ϫ1 , a result of the depressed recovery or wheat residue due to more rapid mineralization, that is, CO 2 loss of green manure C. Improvement in soil of urea N.
physical conditions such as decreased bulk density, improved water infiltration rate, improved soil structure,
Carbon Sequestration
and increased SOC play a more important role in the Bulk density was significantly reduced with crop resiwheat phase of the rice-wheat cropping system than the due and/or green manure amendments compared with rice phase. This is because the soil structure is destroyed treatments with urea N only or untreated controls (Taduring the puddling process in rice and because wheat is ble 6). Green manuring enhanced SOC concentrations a deep-rooted crop and rice is not (Bronson et al., 1998) . at both rates when no wheat residue was added (Table  6 ). The effect of wheat residue on SOC was much larger CONCLUSIONS than that of green manure and masked effects of the The results of our field study in a subtropical, semilatter. Among the green manure treatments without arid soil indicated that wide C/N ratio rice and wheat added residue, only the 40 Mg green manure ha Ϫ1 rate residue can be incorporated shortly after crop harvest resulted in significant C sequestration on a mass area without affecting yields of the following crop. Recovery basis. Soil organic C concentrations remained unefficiency and AE of N, however, were reduced in both changed from the start of the experiment in plots that rice and wheat with straw incorporation. Incorporating did not receive residue or green manure. This was not green manure crops and/or crop residue in addition to expected as a decline in SOC in a rice-wheat system urea-N applications in a rice-wheat system can result when residue was removed on a silty clay loam soil was in high grain yields and have the long-term benefit of reported by Verma and Bhagat (1992) . Residue removal C sequestration. These findings will hopefully discourwas the long-term practice at this site before 1993.
age the common practice of burning rice and wheat Therefore, an equilibrium may have been established straw in northwest India. between soil C fractions and fresh residue-C, resulting in low and stable SOC concentrations.
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